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stract

When gasoline that has been oxygenated 
with methyl tert-butyl ether (MTBE) comes 
in contact with water, large amounts of 
MTBE can dissolve; at 25 degrees Celsius the 
water solubility of MTBE is about 5,000 
milligrams per liter for a gasoline that is 10 
percent MTBE by weight. In contrast, for a 
nonoxygenated gasoline, the total hydrocar­ 
bon solubility in water is typically about 120 
milligrams per liter. MTBE sorbs only weak­ 
ly to soil and aquifer materials; therefore, 
sorption will not significantly retard MTBE's 
transport by ground water. In addition, 
MTBE generally resists degradation in 
ground water. The half-life of MTBE in the 
atmosphere can be as short as 3 days in a 
regional airshed. MTBE in the air tends to 
partition into atmospheric water, including 
precipitation. However, washout of gas-phase 
MTBE by precipitation would not, by itself, 
greatly alter the gas-phase concentration of 
the compound in the air. The partitioning of 
MTBE to precipitation is nevertheless strong 
enough to allow for up to 3 micrograms per 
liter or more inputs of MTBE to surface and 
ground water.

Introduction

Fuel oxygenates are voluntarily added 

to gasoline to enhance the octane of 

gasoline in many areas of the United 

States, and fuel oxygenates have been used 

since 1988 to improve air quality (Begley 
and Rotman, 1993) in some metropolitan 

areas. However, since November 1, 1992, 

the 1990 Clean Air Act Amendments 
require areas that exceed the national 

ambient air-quality standard for carbon 

monoxide (carbon monoxide nonattain- 
ment areas) to use oxygenated gasoline 

during the winter when the concentrations 
of carbon monoxide are highest. 

Furthermore, since January 1995, the 

1990 Clean Air Act Amendments also

require nine metropolitan areas that have 

the most severe ozone pollution to use, 

year-round, reformulated gasoline that 

contains fuel oxygenates. Numerous 

additional metropolitan areas have chosen 

to participate in the oxygenated fuels and 

reformulated gasoline programs.

Currently, oxygenates are added to 

more than 30 percent of the gasoline used 

in the United States (U.S. Environmental 

Protection Agency, 1994) and the percent­ 

age may increase in the future. Indeed, it 

has been projected that by the year 2000 

fuel oxygenates will be added to 70 

percent of the gasoline used in the United 

States (Shelly and Fouhy, 1994). Because 

of its low cost, ease of production, and 

favorable transfer and blending characteris­ 
tics, methyl tert-butyl ether (MTBE) is the 

most commonly used fuel oxygenate 

(Ainsworth, 1992; Shelly and Fouhy, 

1994). It can be produced at the refinery, 

it blends easily without separating from 

gasoline, and the MTBE gasoline blend 

can be transferred through existing 
pipelines. In the United States, almost 

all MTBE is used in gasoline. The 

second most-used fuel oxygenate 

is ethanol. Other oxygenates in 

limited commercial use include 

methanol, ethyl tert-butyl ether, 

tert-amyl methyl ether, and 

diisopropyl ether (Zogorski and 

others, 1996).

The U.S. Environmental 

Protection Agency has tentatively 

classified MTBE as a possible 
human carcinogen, but no 

drinking-water regulation has 

been established for MTBE 
(U.S. Environmental 

Protection Agency, 
1996). The U.S. 

Environmental Protection 

Agency, however, has issued a
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draft lifetime health advisory of 20 to 200 

jag/L (micrograms per liter); this health 
advisory is the maximum concentration in 

drinking water that is not expected to 

cause any adverse noncarcinogenic effects 

over a lifetime of exposure with a specified 

margin of safety.

MTBE has been detected in ground 

water (Squillace and others, 1996) and 

stormwater (Delzer and others, 1996). 

Of the 60 volatile organic compounds 

(VOCs) analyzed in samples of shallow 

ambient ground water that were collected 

from eight urban areas during 1993-94 as 

part of the U.S. Geological Survey's 

National Water-Quality Assessment 

program, MTBE was the second most 

frequently detected compound (after 

trichloromethane, which is also named 

chloroform) (Squillace and others, 1996). 

The ground-water samples were collected



from 5 drinking-water wells, 12 springs 

and 193 monitoring wells. At a reporting 

level of 0.2 |lg/L, MTBE was detected in 

water from 27 percent of the 210 wells and 

springs sampled, but no MTBE was 

detected in water from the drinking-water 

wells. Measurable concentrations of MTBE 

were also found in some of 592 storm wa­ 

ter samples collected by the U.S. 

Geological Survey in 16 cities and 

metropolitan areas required to obtain 

National Pollutant Discharge Elimination 

System permits (Delzer and others, 1996). 

MTBE was the seventh most frequently 

detected VOC, occurring in 6.9 percent of 

the stormwater samples. MTBE had a 

higher reporting level of 1.0 |lg/L for most 

of the stormwater samples, and it is likely 

that this resulted in fewer detections when 

compared to some of the other VOCs that 

had a reporting level of 0.2 |lg/L for all of 

the samples. Where MTBE was detected, 

concentrations ranged from 0.2 to 8.7 

jlg/L. Eighty-three percent of all 

stormwater samples that had detectable 

concentrations of MTBE were collected 

between October 1 and March 31. This 

period of time is approximately when 

oxygenated gasoline is used in carbon 

monoxide nonattainment areas.

The purpose of this document is to 

answer commonly asked questions relating 

to the environmental behavior and fate of 

MTBE. Where appropriate, this report 

contrasts the properties of MTBE with 

those of benzene, methylbenzene (also 

named toluene), ethylbenzene, and xylenes 

(BTEX) compounds. BTEX compounds 

are present in all gasoline and are the most 

soluble and toxic compounds associated 

with nonoxygenated gasoline.

How, and to what extent, does 
MTBE partition to air, water, and 
subsurface solids?

Volatilization and condensation are the 

complementary processes that allow the 

exchange of MTBE across an air-water 

interface. In this context, volatilization 

refers to the movement of MTBE from 

water into the atmosphere, whereas 

condensation refers to the movement of 

MTBE from the atmosphere into water. 

Both processes are driven by concentration 

gradients between the air and water phases.

Excavated storage tank showing severe corrosion.

When compared to benzene, 

MTBE tends to partition strongly from 

the gas phase into the water phase if 

contaminated air is brought into contact 

with uncontaminated water. Given 

sufficient time, equilibrium can be estab­ 

lished between concentrations of MTBE in 

air and water as described by Henry's Law 

constant, which is temperature dependent. 

If the same units are selected for the air 

and water concentrations, then Henry's 
Law constant is dimensionless. The value 

of the dimensionless Henry's law constant 
for MTBE is 0.022 at 25 degrees Celsius 

(°C) (Robbins and others, 1993); a 
compound with a value of 0.05 or larger 

would be very volatile from water. 

Consequently, MTBE tends to stay in the 

water phase, which explains why MTBE is 
somewhat difficult to remove from water 

by aeration. In contrast, the dimensionless 

Henry's Law constant for benzene is 0.22 

at 25 °C (Howard and others, 1990), 
which indicates that it volatilizes from 

water and can be removed by aeration. 
However, the Henry's Law constant alone 

cannot be used to predict the volatility of 

MTBE from natural water because 
volatilization also depends on environmen­ 

tal variables such as surface-water turbu­ 
lence, and to some extent wind velocity.

Water solubility is probably the most 

important chemical property affecting the 
partitioning of organic compounds 
between water and subsurface solids. 
Many organic compounds exhibit water 
solubilities in the low milligrams-per-liter

to micrograms-per-liter range. In general, 

these low solubilities indicate a strong 

partitioning to the organic carbon associat­ 

ed with the subsurface solids. However, 

MTBE is very water soluble compared to 

the BTEX compounds and other compo­ 

nents in gasoline; the solubility of pure 

liquid MTBE in water is about 50,000 

mg/L (milligrams per liter) whereas the 

next most-soluble component of gasoline 

is benzene, which has a solubility of 1,780 

mg/L (Mackay and others, 1992, 1993).

What are the potential sources of 
MTBE and their effect on surface 
water and ground water?

There are point and nonpoint sources 

of MTBE affecting surface- and ground- 

water quality. The concentrations of 

MTBE in water associated with point- 

source spills can be very large. Gasoline 
spills to the land surface and releases from 

above-ground and underground storage 
tanks are examples of point sources of 

contamination. As indicated previously, at 

ambient temperatures the solubility of pure 

MTBE in water is about 50,000 mg/L 
(Mackay, and others, 1993). However, the 
solubility of MTBE in water is reduced 

when other organic compounds are present 

because MTBE partitions between the 

organic mixture and water; a gasoline that 

is 10 percent by weight MTBE, reduces 
the solubility of MTBE in water to about 

5,000 mg/L at room temperature (25 °C) 
(Barker and others, 1991; Zogorski and 

others, 1996). In contrast, for a



nonoxygenated gasoline, the total 

hydrocarbon solubility in water is typically 

about 120 mg/L (Poulsen and others, 

1992). The high solubility of MTBE in 

water combined with its high concentra­ 

tions in an oxygenated gasoline can result 

in high concentrations of MTBE in surface 

water and ground water contaminated by 

point sources of oxygenated gasoline. 
However, lower concentrations also can 

result with time if MTBE in the gasoline 

has been depleted by the dissolution 

process and the dilution of contaminated 

water by uncontaminated water.

Precipitation can be a nonpoint source 

of MTBE to surface and ground water; 

moreover, once MTBE is in water it is 

expected to move between surface and 

ground water with the natural movement 

of water. Local gas-phase concentrations of 

MTBE can be used to predict the concen­ 
trations of MTBE in the local precipita­ 

tion. The amount of MTBE removed from 

the air by precipitation will not significant­ 

ly reduce the gas-phase concentration of 

MTBE in the air; 2.5 cm of precipitation 

will remove less than 0.5 percent of the 

MTBE in the air at a temperature of 20 °C 

(Zogorski and others, 1996). Even though 

little net loss occurs from atmospheric 

washout, the loss may nevertheless be 

important as a nonpoint source of MTBE 

to water. Although concentrations of

MTBE in the air are not frequently 

measured, concentrations in urban air 

appear to be on the order of 1 part per 

billion by volume (ppb-v), or less 

(Zogorski and others, 1996). The corre­ 

sponding equilibrium concentration in 

precipitation at a winter temperature of 
5 °C would be 1 (Ig/L or less. Given high­ 

er concentrations such as 3 ppb-v, the 
equilibrium concentrations in water would 

be about 3 l-lg/L (Squillace and others, 

1996). Given even higher air concentra­ 

tions such as 30 ppb-v, the equilibrium 

concentrations in water would be about 

30 |-lg/L. Elevated concentrations of 

MTBE in the air immediately surrounding 

local sources (for example, highways, gaso­ 

line stations, parking garages, or refineries) 

would result in increased concentrations in 

local precipitation when averaged over 

months to years.

Con the source of MTBE be determined 
from the concentrations of MTBE and 
BTEX compounds detected in surface 
water or ground water?

The concentrations of MTBE and 

BTEX compounds can lead one to suspect 

point or nonpoint sources of contamina­ 

tion. Where high concentrations of MTBE 
and BTEX compounds (greater than 30 

|-lg/L) are detected in ground water, the 

source of contamination is probably a

point source, such as a leaking under­ 

ground storage tank. The concentrations of 

MTBE from a point source can be high. 

For example, MTBE concentrations as 

large as 200 mg/L have been measured in 

ground water near a point-source spill of 

gasoline (Garrett and others, 1986).

When small concentrations (0.2 to 3 

|Llg/L) of MTBE are detected in ground 

water, the source of contamination may be 

a point source but more likely is a non- 

point source such as atmospheric washout. 

MTBE plumes originating from point- 

source gasoline releases generally occupy a 

larger volume of the subsurface compared 
to BTEX compounds, and concentrations 

of MTBE at the leading edge of a contam­ 

inant plume are low but usually increase 

with time. Therefore, if small concentra­ 

tions of MTBE were detected in samples at 

a location contaminated by a point source, 

then generally one would expect the con­ 

centrations of MTBE and detections of 

BTEX compounds to increase with time at 

the same location.

Atmospheric washout and water inter­ 

action with contaminated road surfaces are 

possible nonpoint sources of MTBE to 

surface water, but the concentrations 

associated with these sources are generally 

small. As indicated previously, concentra­ 

tions of MTBE and BTEX were measured



in 592 stormwater samples collected by the 

U.S. Geological Survey in 16 cities and 

metropolitan areas required to obtain 

National Pollutant Discharge Elimination 

System permits (Delzer and others, 1996). 

The highest concentration of MTBE was 

less than 10 |lg/L and the sum of BTEX 

concentrations in each stormwater sample 

was less than 20 (Ig/L.

What natural processes degrade MTBE 
and how quickly does degradation 
occur?

Degradation of an organic compound 

refers to its transformation by abiotic or 

biotic reactions. The degradation of organ­ 

ic compounds normally leads to the forma­ 

tion of other organic compounds. The ulti­ 

mate mineralization (complete breakdown) 

of an organic compound to carbon dioxide 

and water can involve many reactions and 

a long period of time. MTBE can degrade 

in the atmosphere by various processes 

including photolysis and reactions with the 

hydroxyl radical, ozone, and nitrate radi­ 

cals; recent research indicates that MTBE 

reaction with the hydroxyl radical is the 

most prevalent (Smith and others, 1991; 

Wallington and others, 1988). Biological 

transformations often provide the predom­ 

inant decay pathways in water and soil, 

and the complete mineralization of an 

organic molecule in water and soil is 

almost always a consequence of microbial 
activity (Alexander, 1981; Schnoor and 

others, 1987).

Estimates of the atmospheric half-life 

(time required for one half of the amount 

of the compound to degrade) of MTBE 

can be as short as 3 days in a regional air­ 

shed (Smith and others, 1991; Wallington 

and others, 1988; Zogorski and others, 

1996). This estimated half-life assumes a 

hydroxyl radical concentration of 106 radi­ 
cals/cm3 in the regional airshed. However, 

concentrations of hydroxyl radical could be 

lower in air near metropolitan areas and 

therefore MTBE could resist degradation 

until advection carries MTBE outside the 

metropolitan area. The major degradation 

product of MTBE in the atmosphere is 

tert-buty\ formate. Other degradation 

products include methyl acetate (acetic 

acid), acetone, terf-butyl alcohol, and 

formaldehyde (Howard and others, 1996).

In water, BTEX compounds undergo 

biological transformations; however, 

most studies have indicated that MTBE 

does not biodegrade easily under various 

environmental conditions. If a research 

investigation determines that a com­ 

pound does not degrade, a half-life is not 

reported and the compound is simply 

classified as recalcitrant. MTBE is gen­ 

erally reported as recalcitrant and there

How far can MTBE travel in streams 
and rivers before it volatilizes?

Although MTBE can volatilize from 

water, half-lives in rivers and streams can 

be greater than 1 day, and travel distances 

range from about 0.8 km for shallow 

streams to more than 900 km for deep 

rivers before half of the MTBE is 

volatilized (Pankow and others, 1996).

Petroleum rennery

are no widely accepted estimates of the 

half-life. Investigators have reported that 

MTBE is recalcitrant in anaerobic labora­ 

tory studies including denitrifying condi­ 

tions, sulfate-reducing conditions, 

methanogenic-reducing conditions, and 

anaerobic conditions in landfill-affected 

aquifer material, soils, and sludges 

(Fujiwara and others; 1984; Jensen and 

Arvin, 1990; Yeh and Novak, 1991, 1994; 
Suflita and Mormile, 1993; Mormile and 

others, 1994). Yeh and Novak (1995) also 

reported that there was no degradation of 

MTBE in an aerobic laboratory study after 

more than 100 days of incubation. 
Nevertheless, degradation of MTBE has 

been reported on occasion and this indi­ 
cates that some microorganisms are able to 

degrade MTBE (Thomas and others, 

1988; Daniel, 1995). The degradation of 
MTBE in ground water can lead to the 

formation of tert-buty\ alcohol, which 

has been determined to be a carcinogen 

in laboratory animals (Cirvello and 

others, 1995).

Ice on rivers and streams will stop all 

volatilization of MTBE from the water. 

Factors that affect the volatilization rate of 

MTBE in surface water include water 

velocity, water depth, water temperature, 

wind speed, and air temperature; in many 

cases, MTBE volatilizes at rates that are 

most dependent on the depth and velocity 

of the flow. No single volatilization rate 

characterizes the loss process from streams 

and rivers. In deep and slow moving flows, 

MTBE volatilizes at rates similar to those 

for the BTEX compounds. In shallow and 

fast moving flows, MTBE volatilizes at 

rates that are significantly slower than 

those for BTEX compounds (Pankow and 

others, 1996).

How quickly can MTBE enter ground 
water and how fast can it travel?

Because MTBE tends to stay in the 
water and not sorb to subsurface solids, it 
can move to the ground water at almost 
the same velocity as the recharge water. 
The downward velocity and travel times of



recharge water to the water table is 
extremely variable throughout the United 
States and depends on many factors, such 
as precipitation, evapotranspiration, 
hydraulic conductivity of the materials in 
the unsaturated zone, and the thickness of 
the unsaturated zone. In some areas of the 
United States, where the depth to water is 
less than 3 m and the unsaturated zone is 
permeable, recharge from precipitation can 
reach the underlying aquifer in a few days 
or less. In other areas, precipitation falling 
on the land surface may never reach the 
underlying aquifer; however, installation of 
retention ponds and recharge wells for 
stormwater runoff will increase the rate of 
ground-water recharge.

Once MTBE is in the ground water, it 
can move at virtually the same velocity as 
the water, which is one reason why MTBE 
plumes generally occupy a large portion of 
the subsurface compared to BTEX com­ 
pounds. The ratio of the ground-water 
velocity to the velocity at which a com­ 
pound is transported is frequently referred 
to as the retardation factor, R. The actual 
values of R for a particular compound 
depend on aquifer properties, such as 
porosity and organic carbon content. A 
compound that moves at one-half the 
velocity of the ground water has an R value 
of 2. For MTBE, R is fairly close to 1 for 
typical aquifers whereas the BTEX com­ 
pounds have R values that can range from 
1.1 to about 2.0 (Zogorski and others, 
1996); physical and chemical characteris­ 
tics indicate that compound mobilities 
generally increase in the following order: 
xylene, ethylbenzene, toluene, benzene, 
MTBE (Odermatt, 1994).

Ground-water velocities are extremely 
variable and depend on the permeability, 
porosity, and hydraulic gradient of the 
aquifer. Velocities under typical hydraulic 
gradients can range from a few millimeters 
per year to a meter per day. Ground-water 
velocities near a pumping well can be even 
larger due to the large hydraulic gradients 
that can exist near these wells.

Are there environmental processes 
that will concentrate MTBE in water or 
air?

At this time, there are no known envi­ 
ronmental processes that will concentrate 
MTBE within water or air; however, 
MTBE will move between air and water 
until equilibrium is established. Therefore

the concentrations of MTBE in air or 
water can change with time until equilibri­ 
um is established. Furthermore, increased 
use of MTBE can upset established equi­ 
librium by changing the atmospheric con­ 
centrations of MTBE; in general, those 
metropolitan areas where MTBE is used 
only as an octane enhancer will probably 
have lower atmospheric concentrations of 
MTBE than metropolitan areas where 
MTBE is added to all gasoline sold to 
meet the requirements of the 1990 Clean 
Air Act Amendments.

Do other alkyl ether oxygenates 
behave similarly to MTBE?

There is limited information on the 
behavior and fate of other alkyl ether 
oxygenates. However, available chemical- 
property data indicate that the solubilities 
of the other ethers are also high. Therefore, 
the subsurface retardation factors should 
be similar to MTBE in a given circum­ 
stance. Volatilization rates from water are 
expected to be similar to MTBE. All these 
factors indicate that other alkyl ether 
oxygenates should partition between air, 
water, and soil similar to MTBE. The 
expected half-lives of these compounds in 
air are also similar to MTBE, and their 
biodegradation is similarly limited 
(Zogorski and others, 1996).

How easily can MTBE be removed 
from a drinking water supply?

MTBE's high water solubility and 
resistance to biodegradation complicates its 
removal from water. There have been 
several evaluations of remedial technologies 
for MTBE, but these have generally 
indicated low efficiency and high costs for 
the technologies. For example, Garrett and

others (1986) concluded that filtration of 
MTBE-contaminated ground water 
through activated carbon was not cost- 
effective; a 0.06-m3 (cubic meter) bed of 
activated carbon lasts only a month or less 
on a household treatment system that has 
an influent concentration of MTBE of 
only a few milligrams per liter. In other 
studies, MTBE-contaminated water was 
remediated, and air stripping with or with­ 
out carbon adsorption had the lowest treat­ 
ment costs (International Technology 
Corporation, 1991; Truong and Parmele, 
1992). A recent survey of 15 air-stripping 
installations indicated that 56 to 99.9 per­ 
cent of the MTBE was removed; the medi­ 
an removal rate was 91 percent 
(Groundwater Technology Inc., 1990). 
Because of the relatively low efficiency of 
air stripping for MTBE, increasing the 
Henry's Law constant by heating the 
process water may be a cost-effective 
approach (Butillo and others, 1994). 
Regarding the removal of MTBE from 
water, heating the air-stripper influent 
stream to 27 °C over a 9 m column packed 
with activated carbon was equivalent to 
using 10 °C water and a 18 m column 
packed with activated carbon. When there 
can be no air emissions, use of oxidation 
with ultraviolet light/peroxide/ozone also is 
a feasible water-treatment alternative. This 
approach, however, has high capital and 
operating costs relative to other treatments 
(Zogorski and others, 1996).

Hydrogen peroxide, provided initially 
as a source of oxygen to support microbial 
degradation, has been found to hydrolyze 
MTBE with the immediate formation of 
ftrf-butyl alcohol and some acetone (Yeh 
and Novak, 1995). The reaction occurred 
only when iron was added to act as a 
catalyst for the release of hydroxyl radicals 
from the hydrogen peroxide. This reaction, 
however, does not have wide applicability 
because it is inefficient in aerobic 
environments or in near-neutral (pH 
greater than 6.5 standard units) to alkaline 
environments.

Despite the resistance of MTBE to 
indigenous bacteria, biotreatment methods 
might be developed. Recent research has 
demonstrated that bacterial populations 
and certain pure bacterial strains, when 
isolated from biotreated sludges and other 
sources, have the ability to use MTBE as a 
sole carbon source (Salanitro and others, 
1994; Mo and others, 1995).
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